Cloned division genes (ftsQ and ftsA) and the gene for D-lactamase (bla) were transcribed in vivo from a bacteriophage T7 promoter under conditions which blocked the use of other promoters. The different coding regions of single mRNAs were translated with widely different efficiencies, such that the ratio of 1-lactamase production to FtsQ production was about 75:1. The relative rates of translation of the division proteins reflected their relative rates of production from normal chromosomal promoters (FtsA > FtsQ). We show that the low rates of production of FtsQ and FtsA proteins are due to their ribosome-binding sequences and that there is no obligatory translational coupling between them, despite the close proximity of the genes. Levels of translation of FtsA are shown to be proportional to levels of transcription, and therefore there is no evidence of variable regulation of translation.
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The essential cell division genes ftsQ, ftsA, and ftsZ are tightly linked within a large cluster of genes concerned with peptidoglycan synthesis and septation ( Fig. 1 ). There are numerous promoters within the cluster, several of which are found within coding sequences (12, 13, 17, 18, 21, 22) . Figure  1 shows the arrangement in the ddl-envA region. There are no transcriptional terminators within this group, but there is a strong terminator after envA (1) . (This terminator separates transcription of the cell division and other upstream genes from that of downstream genes concerned with transport of proteins across membranes [1, 9] .) When cloned segments of this region are expressed in vivo, it is found that quite different amounts of the different proteins are produced and that these amounts are in reverse order from the transcriptional order of the genes on the chromosome (1, 7, 12, 13, 22) . Thus, more EnvA protein than FtsZ is produced (7), while FtsZ is produced in much greater amounts than FtsA (7) . The FtsQ protein has only recently been identified (15) , but it was noted that it was produced in small amounts from cloned DNA. Presumably this differential expression reflects the relative requirements for the four proteins in cell division. Although the contributions of the different promoters to transcription of the region are not known for normal conditions, the lack of terminators between them should lead to progressively higher levels of transcription of downstream genes (Fig. 1 ). This might therefore explain their different levels of expression. However, we show here that differential translation of the different coding sequences in a common mRNA (produced from a cloned bacteriophage T7 promoter [16] ) gives similar relative rates of production for FtsQ and FtsA (translation of envA has not yet been studied in this way). We also have evidence which suggests that FtsZ is translated more efficiently than either FtsQ or FtsA. Mechanisms for the strong differential expression of the division proteins therefore appear to have evolved at both the transcriptional and translational levels.
We have earlier provided evidence that transcription from promoters in this region is regulated by the requirements of the cell for FtsA protein during -division (2 
RESULTS
Differential production of ,I-lactamase and FtsA protein from a single mRNA. The 2.3-kb EcoRI chromosomal fragment carrying the complete ftsQ and ftsA coding sequences was cloned into the plasmid pT7-4 (14) to form pT7-4QA (Fig. 2) . Restriction analysis was used to show that the fragment was inserted in the correct orientation between the phage T7 promoter (,i10) and the P-lactamase gene (bla). The 4i10 promoter is inactive in the absence of the highly specific T7 RNA polymerase (14, 16, 19) , and cells carrying pT7-4QA express ftsA and bla from their own promoters, which are transcribed by the E. coli RNA polymerase. ftsQ is not expressed because the cloned fragment does not include its promoter (12, 13) .
Transcription from ji10 can be induced by the production of T7 RNA polymerase, either by induction of a repressed T7 polymerase gene already present in the cell or by infection of the cell with a X phage carrying this gene (14) . Transcription from all other promoters in the cell can be blocked at the same time by addition of rifampin, which inhibits E. coli RNA polymerase but not T7 RNA polymerase (14) . Under these conditions, cells carrying pT7-4QA should produce only a single mRNA species and the FtsQ, FtsA, and 1-lactamase proteins encoded by it. Figure 3 shows the result of such an experiment. Logphase cells of E. coli K-12 NM275, carrying either pT7-4 or pT7-4QA, were infected with XCE6 (carrying the gene for T7 RNA-polymerase [14] ). After 30 min, rifampin was added to inhibit host RNA polymerase. Forty-five minutes later, the cells were labeled for 5 min with [35SJmethionine (see Materials and Methods). Cells carrying pT7-4 produced only the three bands of ,B-lactamase (10) under these conditions (Fig. 3A, lane 8) . (The three polypeptides correspond to a precursor protein, mature ,B-lactamase, and a lower-molecular-weight [MW] product which is always seen under these conditions [10] .) Cells carrying pT7-4QA produced an additional polypeptide with a mobility corresponding to that of FtsA protein (6, 7) (Fig. 3B, lane 4 synthesis is very much lower than that of ,-lactamase from the same transcript. Direct measurement of the radioactivity in the P-lactamase and FtsA bands gave a 3-lactamase synthesis to FtsA synthesis ratio of 23:1.
Differential production of FtsQ and FtsA from a common mRNA. In order to resolve the FtsQ polypeptide from the P-lactamase bands, the 2.3-kb EcoRI fragment was recloned into pT7-5 to form pT7-5QA (Fig. 2) . In this plasmid the bla gene is in the orientation opposite from its orientation in pT7-4 and is therefore not transcribed from 4i10 (14) . After the same treatment as before, cells carrying pT7-SQA expressed only two polypeptides (Fig. 3D, lane 4) . Since the cloned segment being expressed from fi10 carries only the ftsQ and ftsA coding sequences, we infer that the polypeptide with the higher mobility corresponded to FtsQ, although its mobility under our conditions gave a slightly higher MW than that reported earlier (15) . This conclusion was confirmed by modification of the ftsQ'sequence to produce a lower-MW product (see below). The band corresponding to FtsQ was less intense than FtsA. The bands were cut out of the gel, and the relative amounts of label were measured. The ratio of FtsA to FtsQ was 3.3:1. This ratio was confirmed in similar experiments.
High level of production of a hybrid FtsQ protein from a different RBS. The differential rates of synthesis of FtsQ and FtsA and P-lactamase from common mRNAs suggest that the different coding regions are translated independently from separate ribosome-binding sites (RBS). To test this hypothesis, we constructed pET-3CQA (Fig. 2) . In this plasmid the RBS and first 27 codons of ftsQ have been replaced by the RBS and first 12 codons of gene 10 of phage T7 to make an in-frame translational fusion resulting in a new polypeptide of 29.6 kDa. Cells carrying pET-3CQA produced large amounts of a new, lower-MW polypeptide (Fig.  3D, lane 8) . (Like the normal FtsQ protein itself, this band moved more slowly than predicted from its MW alone.) The amount of label in this band was similar to that found in P-lactamase in other experiments (Fig. 3A, lane 8; Fig. 3B,  lanes 4 and 8) . This demonstrates that the original band was indeed FtsQ and also shows that the low level of synthesis of this protein was probably due to the nature of the RBS present in the original chromosomal DNA. Figure 3D (lanes 7 and 8) also shows that there was increased production of FtsA protein by pET-3CQA. This presumably resulted from the increased translation of the upstream ftsQ sequence. The effect might result either from increased stability of the mRNA in this state or from translation coupling (12, 22) . It should be noted that less FtsA than hybrid FtsQ protein was produced in this situation.
High level of production of a hybrid FtsA protein. To test whether the relatively low level of production of FtsA (compared with ,3-lactamase) was also due to the nature of the proximal RBS (lying within ftsQ), a new in-frame fusion was constructed; in this fusion, the N-terminal 16 codons of ftsA were replaced with the RBS and the region coding for the beginning of the protein 10-FtsQ hybrid. To do this, pET-3CQA DNA was digested with KpnI and religated to produce pET-3CQA(KpnIA) (Fig. 2) . The new hybrid polypeptide has the first 12 amino acids of the gene 10 product, 59 amino acids of FtsQ, and 370 amino acids of FtsA. Under conditions in which transcription originates only at 410, pulse-labeled cells carrying this plasmid showed a strongly labeled band with the mobility expected for the new hybrid protein (52 kDa) (Fig. 3E, lane 4) , together with a number of lower-MW bands which we suppose represent degradation products. We interpret this result to mean that the low rates of synthesis of FtsA protein from pT7-4QA, pT7-5QA, and pET-3CQA were due to the nature of the RBS within ftsQ.
Lack of obligatory coupling between translation offtsQ and ftsA. The fact that the reading frames of ftsQ and ftsA overlap by 2 base pairs has suggested that translation of these two genes might be coupled (12, 22) . That there can be some coupling is demonstrated by the observation that FtsA protein was made in larger amounts when the upstreamftsQ sequence was translated more efficiently (Fig. 3D, lanes 7  and 8) . However, the fact that FtsA protein was produced at a higher rate than FtsQ when normal low-level FtsQ translation was occurring (Fig. 3D, lane 4) suggests that coupling is not complete and translation offtsA takes place independently of translation of ftsQ. We showed that this is so by constructing pT7-4A by BamHI digestion and religation of pT7-4QA (Fig. 2) . This removes the RBS and N-terminal codons of ftsQ so that the mRNA upstream of ftsA is no longer translated. Figure 3B shows that this had no effect on the rate of production of FtsA protein (compare lanes 4 and 8; the ratio of 35S label in these bands was 0.98:1).
Translation offtsA is proportional to the rate of transcription and is not independently regulated. We have earlier shown that the level of transcription from the promoters within the 1.7-kb EcoRI-HindIII fragment (covering all of ftsQ and part offtsA) appears to be regulated in response to the need of the cell for division proteins (perhaps only FtsA) (2). We therefore wished to determine whether translation of ftsA was also regulated.
To try to test this, we constructed a strain in which the rate of transcription from 410 was controlled experimentally. We assumed that if translation was independently regulated, then the rate of translation would not be directly proportional to the rate of transcription over a range of transcription rates. We therefore introduced pT7-4QA into cells of strain BL21(DE3) in which the level of transcription of 410 is controlled by IPTG (16) . This is because this strain is lysogenized with a phage (XDE3) which carries the gene for T7 RNA polymerase under the control of the lacUV5 promoter. Addition of IPTG is therefore required for T7 polymerase production, which is in turn required for transcription offtsQ, fitsA, and bla from the 410 promoter. The strategy was to induce different levels of transcription by using different concentrations of IPTG and then to determine whether the rate of synthesis of FtsA protein was proportional to that of 3-lactamase from the 410 transcripts. (We assumed that the rate of 13-lactamase translation would be proportional to the rate of transcription.)
The rates of production of FtsA and ,-lactamase polypeptides increased together over the range of IPTG levels used (0, 1, 5, 10, 20, 50, 100, and 400 ,IM) (Fig. 4) We have shown that the production of FtsA protein parallels that of P-lactamase when the frequency of transcription is progressively increased. We take this to show that the level of translation offtsA per transcript is constant even when FtsA (and FtsQ) protein is being produced in excess. This would imply that there is no feedback regulation of translation by FtsA (or FtsQ). The fact that translational efficiencies offtsQ andftsA were largely unchanged in our experiments, whether or not one or both of these proteins were being overproduced or whether (in the case of FtsA) a normal or an abnormal runoff protein was being produced, also argues against any regulation of translation efficiency by either of these proteins. This is in contrast to transcription offtsA, which has been shown to be regulated in response to the requirements of the cell for FtsA protein (2) .
The arrangement of the ftsQ-envA group of division genes within a larger cluster of genes containing many internal promoters but no known intervening transcription terminators is expected to produce progressively increasing numbers of transcripts for progressively later genes. This is in accord with published observations on the relative levels of the EnvA, FtsZ, FtsA, and FtsQ polypeptides expressed from cloned DNA with some or all of these promoters (7, 15 ). Our present work shows that this differential transcription of different division genes is reinforced by strong differential translation of the different segments of mRNA. We presume that these controls on division protein production have evolved in response to the requirements of the cell for particular amounts of the different proteins at a particular stage in cell growth. The result is a very complex arrangement in which sequences allowing independent transcription and translation of adjacent genes are superimposed on the coding sequences themselves.
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